Fabrication of submicron La2- x Sr x Cu04 intrinsic Josephson junction stacks 
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Intrinsic Josephson junction (UJ) stacks of cuprate superconductors have potential to be implemented as 
intrinsic phase qubits working at relatively high temperatures. We report success in fabricating submicron 
La2- a; Sr :E Cu04 (LSCO) IJJ stacks carved out of single crystals. We also show a new fabrication method in 
which argon ion etching is performed after focused ion beam etching. As a result, we obtained an LSCO IJJ 
stack in which resistive multi-branches appeared. It may be possible to control the number of stacked IJJs 
with an accuracy of a single IJJ by developing this method. 



I. INTRODUCTION 

Intrinsic Josephson junctions (IJJs) have been re- 
garded as high quality Josephson junctions because of 
their atomically flat structure 1 -'. Macroscopic quantum 
tunneling (MQT) has been reported in small IJJ stacks in 
recent yeard^^and h as attracted attentiorP^l because of 
the existence of new quantum phenomena 3 and the pos- 
sibility of an "intrinsic phase qubit" working at higher 
temperatures. 

E^S^CaC^Og+y (BSCCO) has often been chosen for 
those MQT studies, because one can easily cleave the 
crystals with Scotch tape to prepare thin and flat crys- 
tals. In fact obtaining thin and flat crystals is the crucial 
point in the fabrication process to form a small s-shaped 
IJJ stack either using focused ion beam (FIB) etching 
technique 14 or using double sided cleaving method, i.e., 
argon ion etching 15 16 . Because of this, much less exper- 
imental studies using IJJ stacks of other cuprates have 
been done. 

La2- x Sr x Cu04 (LSCO) is known as a material having 
large Josephson plasma frequency uj p reaching TH d 17 | 18 l 
The quantum fluctuations in phase space are propor- 
tional to cu> p l 19 l 2( H a Josephson junction having larger uj p 
may let us perform qubit operations at higher tempera- 
ture. Therefore LSCO is one of the favorable materials 
to be implemented as intrinsic phase qubits. However 
an LSCO IJJ stack cannot easily be fabricated since it 



a ) Present address: Service de Physique de l'Etat Condense 
(SPEC), CEA-Saclay, Gif-sur-Yvette 91191, France. 

b ) Present address: Department of Applied Physics, Tokyo Univer- 
sity of Agriculture and Technology, Tokyo 184-8588, Japan. 

c ) Present address: Department of Quantum Engineering, Nagoya 
University, Nagoya 464-8603, Japan 

d ) Present address: Helmholtz-Zentrum Berlin fur Materialien und 
Energie GmbH, 14109 Berlin, Germany 



is difficult to cleave the bulk crystal by Scotch tape, un- 
like BSCCO. This means that the double sided cleaving 
technique^^ cannot be applied to LSCO. Indeed only a 
few experimental studies fabricating s-shaped LSCO IJJ 
stacks in bulk crystals have been reportecP^^. Another 
possibility is to use thin films but a priori this is not 
a good s olutio n because the grain boundaries cannot be 
neglectecPUSO 

In this article, (1) we report success in fabricating an 
LSCO IJJ stack in a bulk crystal with submicron lateral 
dimensions by FIB etching, and (2) we propose a new 
method to fabricate a submicron LSCO IJJ stack using 
both FIB etching and argon ion etching. The IJJ stacks 
have the smallest lateral dimensions reported so far, and 
the new fabrication method allows us to control the num- 
ber Nuj of stacked LSCO IJJs with high precision. This 
new method could also be applied to other cuprate ma- 
terials such as REBa2Cu307_ 2y (RE: rare earth) com- 
pounds, which can hardly be cleaved by Scotch tape, un- 
like BSCCO. 



II. SAMPLE PREPARATION 

To carve out an s-shaped IJJ stack in an LSCO sin- 
gle crystal using the FIB etching technique 14 , we need 
to prepare a specimen which is thin along the c-axis. 
The desired thickness is < 30 /im, because of the slow 
etch rate of the FIB systenPll. Figure [l] shows the pro- 
cess to prepare thin LSCO specimens. An LSCO sin- 
gle crystal grown by the traveling solvent floating zone 
method^, with nominal Sr concentration x = 0.09, was 
cut and formed into a small rectangular parallelepiped 
shape. The dimensions are about 1x1x3 mm 3 , and 
the long edge is along the c-axis [Fig. [TJa)]. The direc- 
tion of the crystal c-axis was determined by X-ray Laue 
diffraction patterns before cutting. 

The small rod was fixed onto a metal plate with epoxy 
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FIG. 1. (Color online) Schematic of sample preparation, (a) 
An LSCO rod is cleaved. The long direction is aligned to 
the c-axis. (b) An optical microscope image after cleaving. 
A shiny surface of the afr-plane is obtained as shown inside 
the dotted square, (c) Tiny specimens are cut out from the 
cleaved rod by a wire saw, and one of the tiny pieces is fixed 
onto the substrate by polyimide adhesive. Silver epoxy is 
glued on the LSCO specimen to make four electrodes, (d) An 
optical microscope image of a sample. This picture was taken 
after a micro bridge was formed [see Fig. j2Ta)] . 
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FIG. 2. (Color online) Schematic of FIB process, (a) Fab- 
rication of a micro bridge by FIB etching, (b) Two slits are 
formed by FIB etching from the a(fr)-axes direction, (c) A 
technique to fabricate a fine structure using FIB etching. This 
picture shows a cross-section of the micro bridge viewed from 
the direction of the dotted arrow in (a). The micro-bridge is 
slightly (rsj 1.5°) tilted to compensate for the finite angle of 
the ion beam, (d) A scanning ion microscope image of the IJJ 
stack "F#29" . The right hand shows the crystal structure of 
LSCO and a schematic of the IJJ array. 



adhesive (Torr Seal, Ideal Vacuum Products), and care- 
fully cleaved as schematically depicted in Fig. []Ja). A 
shiny flat surface, an indication of the afr-plane, appeared 
after cleaving as shown in Fig. [TJb) . Tiny crystal pieces 
were obtained by cutting the flat part using a wire saw. 
The typical lateral dimension of these pieces is 0.05 - 0.1 
mm, and the typical thickness is 20 - 50 jam. One of the 
pieces was fixed on a magnesium oxide (MgO) substrate 
by polyimide glue, and four electrical contacts were made 
by silver epoxy as shown in Fig. [TJc) and[TJd). To reduce 
contact resistance, we annealed the sample at 400 °C for 
10 minutes in oxygen in a mirror furnace (MILA-3000, 
Ulvac). 

III. FABRICATION OF A SUB-MICRON LSCO IJJ 
STACK BY FIB ETCHING 

We used a focused a FIB/scanning ion microscope 
(FIB/SIM) system (SMI-9800SE, Seiko instruments) for 
both etching and observation. First a constricted micro- 
bridge was formed in the center of the sample as shown 
in Fig. [2|a). The length of the bridge is about 5 /am 
and the width is about 1 /am. Then we etched the micro- 
bridge from the ab direction in order to make two slits, 
as depicted in Fig. [2jb). The two slits are separated 
by ~ 0.9 /am. Finally the micro-bridge was etched from 
the c direction again, to narrow the width down to ~ 
0.5 jam. Here the beam angle is slightly (~ 1.5°) tilted 
to compensate for the finite angle of the ion beam, as 



schematically shown in Fig. [2jc) . 

Since the two slits overlap slightly along the c-axis, an 
applied current / flows along the c direction in-between 
the slits as shown by the red arrow in Fig. [2fd). There- 
fore the small area can be regarded as an s-shape IJJ 
stackP^HH as schematically depicted on the right hand 
side in Fig. |2|d). The lateral dimension of the LSCO 
IJJ stack "F#29" is 0.45 x 0.95 /am 2 . The thickness is 
about 30 - 40 nm, estimated from SIM images. To our 
knowledge, this is the first report of a submicron LSCO 
IJJ stack formed in a bulk crystal. 



IV. DISCUSSIONS FOR F#29 

Figure |3] shows a current- voltage (I — V) characteristic 
of F#29 at 0.7 K. A sharp voltage jump (the dashed 
arrows in Fig. [3| and a large hysteresis (the solid arrows 
in Fig. [3]) are observed. These features suggest that 
the small structure fabricated acts as a stack of t unnel 
Josephson junctions, similar to BSCCO IJJ stack jm^. 
Therefore F#29 can be regarded as a submicron LSCO 
IJJ stack. 

Resistive multi-branches 1 do not appear in F#29. On 
the contrary, we recognize that all the junctions simul- 
taneously switch to their resistive state (dotted arrows 
in Fig. [3]). This fact implies that all the IJJs have the 
same critical currents; therefore our LSCO crystal has 
homogeneous carrier density, and the LSCO IJJ stack 
was fabricated without any extra damage such as resid- 
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FIG. 3. (Color online) A snapshot of an / — V curve of the 
LSCO IJJ stack #F29. The arrows indicate the course of the 
current ramp. The ret rapping current Ir is represented by 
the yellow arrow. 



ual gallium ions. A similar switching phenomenon has 
been already reported in uniform BSCCO stacks, and re- 
ferred to as "uniformly switching" by Jin et a/P. As the 
great enhancement of the MQT rate proportional to iVfjj 
(iVijj: the number of stacked IJJs) was observed in the 
BSCCO uniform stacks^, the unconventional and inter- 
esting quantum phenomenon may also emerge in LSCO 
IJJ stacks. 

Another feature of F#29 is the large retrapping current 
Ir (see the arrow in Fig. [3J. In underdamped JJ's, the 
fluctuation free retrapping current I R0 is given 



Iro 



4/co 
ttQ ' 



(1) 



where I c q is the fluctuation free critical current, and Q 
is the quality factor of the junction. From Eq. [I] and 
Fig. [3j Q of F#29 is roughly estimated to be 3 - 4. This 
means that the LSCO IJJ stack is moderately damped. 
Discussing about the damping effect in the LSCO IJJ 
stack here is beyond the scope of this article. The damp- 
ing effects of BSCCO IJJ stacks as well as various types 
of Josephson junctions have been intensively studied by 
Krasnov et a¥^. 



V. FABRICATION OF AN LSCO IJJ STACK BY FIB 
AND ARGON ION ETCHING 



In section [Hl| we described the fabrication process for 
an LSCO IJJ stack using only FIB etching. A typical 
spatial resolution of the FIB machine, however, is about 
10 - 50 nm. This is rather coarse with respect to the 
thickness of a single IJJ of LSCO, ~ 0.7 nm. Therefore 
it is extremely difficult to control Nuj using the FIB ma- 
chine. Because of the new quantum phenomenon men- 
tioned earliei^, controlling Nuj of an LSCO IJJ stack 
is an interesting although difficult challenge. Here, we 
present a developed fabrication method in which argon 
ion etching is performed after FIB etching in order to 
gradually increase the thickness of the LSCO IJJ stack. 




FIG. 4. (Color online) A schematic of the developed process, 
(a) FIB etching was performed from the direction of the a(b)- 
axes to form two slits. Here the two slits do not overlap 
along the c-axis. (b) A SIM image of "FA#8" [taken after 
the process (a)], (c) Argon ion etching to develop the upper 
slit, (d) An LSCO IJJ stack with a small number of junctions 
is formed. 



After making a micro bridge with .7 //m width by the 
same procedure described in section III and Fig. [2|a), 
calcium fluoride (CaF2) was evaporated through a metal 
mask in order to make a protection layer for the elec- 
trodes. Then two slits were formed by FIB etching as 
schematically depicted in Fig. ga). In Fig. Qb) we 
show a SIM image of the sample "FA#8" taken after the 
process of Fig. [4ja) . The distance between the slits is 0.5 
jam. Note that the two slits do not overlap along the c- 
axis, i.e., the IJJ stack is not yet formed at this point. In 
the next step, the depth of the top slit was gradually in- 
creased using an argon ion etching machine (MPS-3000, 
Ion tech) as schematically shown in Fig. gc). As a result, 
a submicron LSCO IJJ stack with small TVtjj is formed 
as depicted in the center of Fig. [4]^d.) . 



VI. DISCUSSIONS FOR FA#8 

The resistance versus temperature (R - T) curves of 
FA#8 are shown in Fig. [5] The black dashed curve in 
Fig. [5] represents the resistance of the micro bridge be- 
fore making the two slits, as in Fig. [2|a). The red dotted 
curve in Fig. [5] shows the resistance after making the two 
slits and 3 min of argon ion etching [see Fig. gc)]. One 
can see that the resistance drastically increases. Figure 
|6ja) represents the I — V characteristic at this point. A 
tiny voltage jump without hysteresis, which is similar to a 
weak-link junction, appears. This implies that the LSCO 
IJJ stack starts being formed, but at this point the thick- 
ness is almost zero. The green solid curve in Fig. [5] is af- 
ter three more min etching (6 min total). The resistance 
increases further, and the R - T curve becomes semicon- 
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FIG. 5. (Color online) Evolution of the resistance of FA#8. 
The black dashed curve is of the micro-bridge, as of Fig. [5Ja). 
The red dot curve is of after the first argon etching for 3 min. 
The green solid curve is of after the second argon etching for 
3 more min. The right axis is the scale for the black dashed 
curve while the left is for the red dotted and the green solid 
curves. 



ductive above the superconducting transition tempera- 
ture. Figure [6^b) and (c) show the I — V curves after 
etching for 6 min total. Resistive multi-branches emerge, 
and these are quite distinguishable, especially in the low 
voltage regime of to 30 mV as indexed in Fig. [6^c). 
These results both the R — T curves and the I — V curves 
suggest that the depth of the upper slit has increased 
along the c-axis by the argon ion etching and eventually 
an LSCO IJJ stack is formed as schematically depicted 
in Fig. gc). 

The superconducting transition temperature T c in Fig. 
[5] is recognized to be 24 K, which is taken from the mid- 
points of the transitions. The Sr concentration of FA#8 
is thus estimated to be x « 0.09^, and is consistent with 
the nominal value. We note that T c of all three curves 
does not change, implying that argon ion etching does not 
affect the carrier density of the crystal. This is a great 
advantage for iterative experiments, such as in Ref.^, as 
well as for applications. 

In Fig. |6jc), we determine that Nuj is about 15. At 
higer voltage, the gaps between each resistive brach are 
narrower. This is probably attributed to self-heating of 
each LSCO IJJ, as is the case for BSCCO. Assuming 
Nuj ~ 15, we roughly estimate the etching rate of our 
argon ion etching machine to be about 3.5 nm/min. With 
proper values of the acceleration voltage and ion beam 
current, we should be able to etch LSCO crystals with an 
etch rate of 0.7 nm/min, namely 1 IJJ/min, as already 
demonstrated for BSCCO by You et alW. Thus this 
method may let us control TVjjj of an LSCO IJJ stack 
with an accuracy of single IJJ. 

It is interesting that the resistive multi branches are 
not observed when ramping up the bias current, but ob- 
served only while ramping down, as we can see in Fig. 
[6jb) and (c). After switching [arrow 1 in Fig. [6^c)], 
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FIG. 6. (Color online) I — V curves of the IJJ stack FA#8. 
(a) An I — V curve after 3 min etching (corresponding to the 
red dot curve in Fig. [5]). (b) An I — V curve after 3 more min 
etching (corresponding to the green solid curve in Fig. pj. 
The white arrows indicate the course of the current ramp, (c) 
Enlarged figure of the box in (b). The numbers show indexes 
of the Nth resistive branch. 



the IJJ stack jumps to around 40 mV and goes up to 
the maximal voltage (~ 100 mV) with chaotic behavior 
arrow 2 in Fig. |6jc)]. Then it goes down to the super- 
conducting state while showing multi-branches [arrow 3 
in Fig. |6jc)]. We have already reported a similar feature 
of I — V characteristics in a larger (« 3 jim 2 ) LSCO IJJ 
stackP^, and this phenomenon may be attributed to the 
strong interaction among stacked IJJiPM Further studies 
are needed to understand this. 



VII. CONCLUSIONS 

In conclusion, we successfully fabricated submicron 
La2- x Sr :E Cu04 (LSCO) intrinsic Josephson junction 
(IJJ) stacks either by focused ion beam (FIB) etching 
or by an original combined FIB/argon ion beam etching 
technique. To our knowledge, this is the first demonstra- 
tion of submicron LSCO IJJ stacks. About 15 resistive 
multi-branches appeared in the sample fabricated by the 
latter technique. This method may let us control the 
number of stacked LSCO IJJs with an accuracy of a single 
IJJ. This method could also be applied to other cuprate 
materials which are difficult to cleave with Scotch tape, 
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such as rare earth compounds REE^CuaOr-^ (RE: rare 
earth) as well as other Lanthanum compounds. 
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